In order to fulfill the angular resolution requirements and make the performance goals for future NASA missions feasible, it is crucial to develop instruments capable of fast and precise figure metrology of x-ray optical elements for further correction of the surface errors. The Long Trace Profilometer (LTP) is an instrument widely used for measuring the surface figure of grazing incidence X-ray mirrors. In the case of replicated optics designed for x-ray astronomy applications, such as mirrors and the corresponding mandrels have a cylindrical shape and their tangential profile is parabolic or hyperbolic. Modern LTPs have sub-micro radian accuracy, but the measuring speed is very low, because the profilometer measures surface figure point by point using a single laser beam. The measurement rate can be significantly improved by replacing the single optical beam with multiple beams. The goal of this study is to demonstrate the viability of multi-beam metrology as a way of significantly improving the quality and affordability of replicated x-ray optics. The multi-beam LTP would allow one-and two-dimensional scanning with sub-micro radian resolution and a measurement rate of about ten times faster compared to the current LTP. The design details of the instrument's optical layout and the status of optical tests will be presented.
INTRODUCTION
The long trace profiler (LTP) is a slope-measuring instrument widely used for measuring surface figure of grazing incidence X-ray optics. Full-shell Wolter-type grazing incidence optics are regularly fabricated at MSFC using electroformed nickel replication process. In this process X-ray mirrors are replicated off a figured and super-polished mandrel. The technology enables replicated X-ray mirrors with angular resolution of about 10 arc seconds. Future NASA missions would require the X-ray optics with improved angular resolution. One of the key factors that dictate the quality of the optics is the ability to measure the surface figure of the optics accurately and efficiently.
MSFC uses a vertical LTP [1] , [2] , [3] , to measure the profiles of outer surface of mandrels, and the inner surface of the replicated X-ray shells. The LTP uses a single laser beam to scan along the test surface, which on reflection gets focused on the detector by a Fourier Transform (FT) lens. The position of this beam on the detector with respect to the reference beam position gives the mirror surface slope at each scan point. This slope data provides the measure of the optical quality of the test surface. The slope data can then be converted to height data which is usually required for the fabrication purposes. Spatial wavelengths starting from 1 mm can be measured using LTP reaching upto several 100's of mm's. Multiple azimuthal measurements give the 2D topographical data of the test surface. The slope resolution possible with this system is <1 µrad, which is adequate for 1-2 arc second class optics. But, the time taken to measure a surface of ~300 mm length is approximately 5 minutes and typically three measurements are made along each axial position, which are then averaged to nullify any random noises in the metrology process. Therefore, the time taken to measure and process a single axial scan for such a surface is about 15 minutes which makes it a time consuming process to make multiple azimuthal measurements for 2D information of the test surface. *kiranmayee.kilaru-1@nasa.gov; phone: 1 256 961 7699
Minimising the time of measurement would greatly enhance the cost and time efficiency of the metrology process. Replacing the single laser beam with multiple beams for simultaneous measurements along the axis of scan, is an innovative approach that can decrease the metrology time. The increase in speed with such an approach will almost be linear to the number of beams used. The development of such a multi-beam LTP, as a proof-of-concept study, is currently underway at MSFC in collaboration with Lawrence Berkeley National Laboratory and Brookhaven National laboratory, the status of which is being reported in this paper.
MULTI-BEAM LTP
Multi-beam LTP will provide a significant improvement in the measurement rate compared to a single-beam LTP. Point-by-point measurement done with the single beam LTP can be replaced by simultaneous measurement of a section of surface using multiple beams that are processed in a single instance. Figure 1 shows the geometrical layout of the metrology approach using multiple laser beams. An laser beam is split into multiple equal intensity beams which when pass through a polarizing beam splitter get divided into two segments. One of these is directed towards a non-movable reference mirror and the other to the test surface. The reference mirror helps correcting for the angular errors caused due to the movable parts of the system and pointing instability of the light source. Different polarization is maintained between the beams of the two segments using waveplates. Optical beams reflected off from each of these two segments are then focused onto a 2D detector using a Fourier-Transform/F-Theta (FT) lens. The scanning axis on the detector can be along the plane of beams or perpendicular to the plane of beams which is demonstrated in Figure 1 as option 1 and option 2. Study has been made to analyze the possible geometrical layouts, and technical requirements and specifications for components such as multiplebeam generator, FT lens, polarizing beam splitter and 2D detector. Table 1 shows the specifications formulated for the multiple optical beams. 
FT LENS AND 2D DETECTOR
The current vertical LTP at MSFC uses a linear detector array with the pixel size of 25 µm x 2.5 mm. Pencil beam interference is used in which each point of scan has two beams which when focused by the FT lens onto the detector, form a 2-fringe interference pattern. In order to achieve sub-pixel resolution a parabola is fitted to the central minima of the fringe pattern. This position with respect to the reference beam location gives the direct measure of the slope at the scan point of the test surface. If a stable and a prefect Gaussian profiled optical source is used, this readout process can also be replaced with locating the maxima of a single laser beam without loss of accuracy. In this case a Gaussian analytical curve is fit to the intensity pattern on the detector and the maxima is identified by locating the centroid.
Also, the present LTP uses an FT lens of focal length 1 meter. Therefore, the optical configuration uses folding mirrors to redirect and fold the beam. Contribution of the FT lens and detector pair to the LTP resolution is defined as
where EFL is an effective focal length of the FT. It can be seen from Eq. (1) that longer focal length lens is desirable for finer angular resolution. Though this is true, the introduction of additional optical components such as the folding mirrors to fold the optical beam, add up to the systematic errors. Moreover, the mechanical envelope design constraints for the optical board of this multi-beam LTP make it considerable to have a shorter focal length FT lens.
As said before, in order to obtain higher accuracies, the positional accuracy should be typically a fraction of the pixel size and other than the source stability there are several factors that define this such as non-constant pixel spacing of the detector, detector-noise and non-uniformity in the detector response. The smaller the pixel size, the better is the resolution of the LTP system. Assuming the positional accuracy achievable with fitting procedure is 0.03 times the pixel size, a 500 mm to 700 mm focal length lens when used in combination of 8 µm pixel size detector, would result in better than 0.25 µrad contribution to the system resolution as shown in Table 2 . The current vertical LTP has 0.25 µrad of contribution towards the resolution from the 1 meter FT lens and linear array detector combination. So, the choice of 500 mm focal length lens and 8 µm pixeled detector will give a comparable resolution for the multi-beam LTP, but the main target with the multi-beam LTP is to obtain faster rate of metrology and with the use of 10 beams, metrology speed is expected to increase by 10 times. Along with 8 µm pixel size, the detector also has a requirement of wide area of about 20 mm x 20 mm, so as to be able to accommodate 10 beams along one plane while being able to have an acceptable angle of ±15 milliradians that is required to measure the desired slope errors on the other (enabling option 2 geometry discussed in Section 2).
Comparative study of the commercially available detectors has been made and JAI AM 1600 GE camera manufactured by 1 st Vision Inc. [4] has been chosen which has 7.4 µm pixel size with 36.1 mm x 24 mm of active area.
The FT lens of 500 mm diameter has been custom designed for the application. The design is challenging given to the requirements such as low distortion in order to minimize the effect of the lens on systematic errors; wide lateral range required to accommodate multiple beams and the large angular range of the surface slope that is desired to be measured. The final design is an air-spaced doublet as shown in Figure 2 , chosen among the alternative lens designs such as cemented doublet, cemented triplet and an air-spaced triplet. This lens has recently been fabricated and been tested for the surface RMS roughness. The data of the transmitted wavefront error of 3 sample regions were provided by the manufacturer (Optimax Systems, Inc.
[5] ). Low-frequency figure error was removed from this data leaving the residual surface that contains higher-spatial frequencies. A 2D power spectral density (PSD) is calculated for this residual surface using a conventional Fourier transform routine. A radial PSD function is calculated by integrating the values over all azimuths, from which RMS roughness over the 5 mm -100 µm bandwidth range is calculated to be 0.38 nm, which ensures to meet the desired optical performance. The lens elements have been coated for anti-reflection (670 nm of wavelength) and currently undergoing an assembly process.
MULTI-BEAM GENERATION
One of the major challenges in the development of multi-beam LTP is the generation of multiple optical beams (10 beams for this proof of concept study) of about equal intensity. These beams also need to have a defined angular and spatial beam separation. To achieve this, a parallel glass plate / etalon with a small wedge is designed. Such beam splitters have been used for wafer curvature measurements [6] , for strain monitoring in thin films [7] , as well as to produce multiple, equal-intensity beams for two-dimensional beam steering [8] and for a galvanometric scanner of a confocal scanning microscope [9] . The thickness of the etalon is defined by the spatial separation of the beams and the amount of wedge is defined based on the divergence value required between the beams. This divergence, in turn defines the spatial separation of beams on the detector. As shown in Figure 3 , the etalon has a custom coating on one of the surfaces so as to obtain equal intensity off the outgoing beams. The central region of the other surface of the etalon has a coating with 100% reflection and the outer region have an antireflection coating, enabling 100% beam input into the etalon. The etalon will have 50 mm x 50 mm dimension with a thickness of 3 mm and a wedge angle (γ) of 60 µradian. The input angle (Φ) is calculated to be 49.5 0 . Analysis has been done to study the possible approaches for the custom coating on the etalon, which include ideal gradient coating, linear approximation to ideal gradient coating and step-profile coatings. The ideal gradient coating will be the best possible approach but also difficult to fabricate and so is the most expensive. The linear approximation to ideal gradient will be a good approach to limit the variation of the beam intensities below 10%. But, in the process of achieving this, the laser beam efficiency drops to as low as 30%. In order to be able to use 100% efficiency of laser, step profile coatings have finally been chosen. In this approach a pattern of discrete coatings are used, each with the optimal constant reflectivity. The geometry of such a design is shown in Figure 4 with the reflectivity and transmittance values of each zone mentioned in Table 3 . Ideally multilayers can be used to realize this approach but due to budgetary limitations silver has been chosen which has about 4% absorption at each point of contact. This can lead to the error in the beam intensity values if not corrected for. The reflectivity and transmittance values mentioned in Table 2 are corrected for such errors. This kind of coating will not perturb the beam shape unless the beam spot is totally inside the specified area. One drawback though, of this approach of discrete coatings, is the lack of possibility for tuning the multiple-beam splitter geometry. This component is currently under fabrication.
OTHER CONSIDERATIONS
A polarizing cube beam splitter is used to split the laser beams into two paths -one to the surface under test and the other to the reference surface. Ideally, this component could be custom made to the desired surface accuracies so as to avoid any systematic errors, but budgetary concerns have limited us to buy off-the shelf component and then choose the one with least wavefront distortions. The size of the beam splitter is 50 mm x 50 mm, that has recently been purchased and tests are underway to characterize the wavefront distortion for both the optical paths using Zygo interferometer.
To speed up the development process, Lawrence Berkeley National Laboratories provided the LabView TM based LTP control software. This software can accommodate three laser beams. This is currently being modified at MSFC for the chosen detector and also to be able to accommodate multiple optical beams. As discussed in Section 3, the maxima of each beam will be used to detect the position of the beam on the detector. Tests are underway for the performance check of this software and Figure 5 shows the result of the stability scan performed for four laser beams. These beams were generated using multiple beam splitter and the tests were performed with no movable parts. X-axis of the plot in Figure  5 is the time of scan which is a total of about 16 mins and y-axis is the pixel number. Tests to check the speed of the readout and processing are in progress. The current LTP has 1 frame per second (fps) speed which is also required for new multi-beam LTP to be able to increase the measurement speed linearly with number of beams. Initial trials show a speed of 0.5 fps for full frame of 4872x3248 pixel reading which can further be improved to 1.5 fps for partial frame readout of 4872x800 pixels adopting the option 1 geometrical layout mentioned in Section 2.
Also, it has been observed that that the laser beams show a fringe pattern on the detector as shown in Figure 6 , the reason for which has been analysed as interference caused due to a transparent protective cover plate in the front of detector. In order to avoid this problem a similar detector with no protective cover plate is being procured. 
CONCLUSION
A multi-beam LTP is under development at MSFC in collaboration with Lawrence Berkeley National laboratory and Brookhaven National Laboratory. This equipment unlike the conventional single beam LTP uses multiple beams to make simultaneous measurements in a single instance axis of scan of the test surface. This helps in significantly increasing the rate at which surface profile metrology can be done on grazing incidence optics. The design considerations and the challenges in the development of such metrology equipment are discussed. The current state of fabrication of the critical components required to realize this equipment are discussed. Once these components are fabricated they will be tested individually and assembled, so the constructed multi-beam LTP can be tested for the desired efficiencies. This proof of concept study is believed to form a basis of future modular metrology approach where-in an entire length of the test surface can be measured in a single instance using multiple optical beams and also multiple frequencies can simultaneously be measured.
